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. Abstract 

, We explore various properties of interaction between Dp and Dp/ with each car- 

''^ . rying a worldvolume flux and with the p'-branes placed along p' spatial worldvolume 
directions of the p-branes at a separation when p — p' = 2. Carefully analyzing the 

. annulus amplitudes calculated via the boundary state approach, we find that many 
features of amplitudes remain similar to those studied when p = p' such as the 

^ . nature of force on the brane separation, the onset of various instabilities when the 

. brane-separation is on the order of string scale and the occurrence of pair produc- 

\^ • tion of open strings when there is a relevant electric flux present. In addition, we 

■ have also found many new features of interaction which don't appear in the absence 
f-*) ■ of fluxes or when p = p \n the presence of fluxes, for examples, the nature of inter- 

■ action can be repulsive and there is no onset of tachyonic instability under certain 

■ conditions. Even in the absence of a magnetic flux, we can have an exponential 
' enhancement of the rate of pair production of open strings in certain cases, which 
• may be significant enough to give observational consequences. 
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It is known that the static interaction between a Dp and a Dp/ brane at a separation with 
p — p' = 2 is always attractiv^ when neither carries a world-volume flux, for example, 
see [1]. This nature of interaction is expected to be modified or changed when there is an 
electric or a magnetic flux present on either of the brane£|. In this note, we will explore 
this modification or change and the associated properties such as the onset of various 
instabilities and the open string pair production, expecting some unique and interesting 
physical implications to arise. We find that the pair production rate is significant even 
for the mere presence of a weak electric flux under certain condition. Unlike the rate 
enhancement discussed in [2], an additional magnetic flux not sharing any common index 
with the electric flux is not necessarily needed. The novel feature here is that the Dp_2 
brane itself takes the role of the magnetic flux to enhance the rate. The magnetic flux can 
further either enhance or reduce the rate, depending on the actual case considered. One 
interesting observation is that the largest rate occurs either for p = 3 as also observed 
in [2], for which p = p' was considered, or for p' = 3. We don't know if this has an 
implication of why our world has three large spatial dimensions and even for the existence 
of extra dimensions. When both fluxes are magnetic, the would-be attractive interaction 
can vanish in certain cases under conditions specified later, signalling the preservation of 
certain number of supersymmetries (susy) of the underlying systems. When both these 
fluxes point to different NN directions, these is an interesting case for which the force 
can even be repulsive for certain range of the fluxes. For this case and the above susy 
cases, the corresponding amplitude doesn't give rise to a tachyonic instability, therefore 
no tachyon condensation to occur. 

Without further ado, we have the following three cases to considejfl: 1) Dp and Dp' 
carry their respective electric fluxes and Fq^; 2) Dp and Dp/ carry their respective mag- 
netic fluxes Fab and F^^; 3) one carries an electric flux and the other carries a magnetic 
flux. Or we can classify the interaction amplitudes according to their structures deter- 
mined by the relative orientations of the two fluxes F^is and in the following three 
classes: I) the indices 7,5 G NN with the pair (a, P) and the pair (7, 6) sharing at 
least one common index (either temporal or spatial) or the index a or (3 E ND but not 

■^In other words, we consider in this paper the case oi p — p' = 2 with NN = p' + 1, ND = 2 and 
DD = 9 — p. The Dp and Dp/ are placed at a separation along the DD = 9 — p directions with p < 8. 

''As mentioned in [SJ [5] and the references therein, D^ branes become a 1/2— Bogomol'nyi-Prasad- 
Sommerfield (BPS) non-threshold (F, D^) bound state when carrying an electric flux while a 1/2-BPS 
non-threshold (Dfe_2, D^) bound state when carrying a magnetic flux. 

^In this note, the Greek indices a — (0, a), /3 — (0, b), - ■ ■ label the world-volume directions 0, 1, • • • ,p 
along which the Dp brane extends with a,b, - ■ ■ denoting the brane spatial diretions, while the later Latin 
indices i, j, - ■ ■ label the directions transverse to the brane, i.e., p + I, ■ ■ ■ ,9. 



2 



both; II) a, /?, 7, 5 G NN but a, /? ^ 7, S; III) a, /3 G ND and 7, 5 G NN. Note that we have 
p > 3 for Class I or III and p > 5 for Class II. We will present the amplitudes according to 
this classification for simplicity and for a unified description in each class. Note that we 
have non-vanishing contributions only from the Neveu-Schwarz— Neveu-Schwarz (NS-NS) 
sector for amplitudes in Class I or Class II but this is not true for amplitudes in Class III. 

The tree-level cylinder diagram interaction can be calculated via the boundary state 
approach. As usual, we have two sectors, namely NS-NS and Ramond— Ramond (R- 
R) sectors, respectively. We here summarize the main results needed, following [5]. 
Let F be the external flux on the world-volume and denote F = 27ra'F. In the NS- 
NS sector, the relevant boundary state is the Gliozzi-Scherk- Olive (GSO) projected one 
\B)ns = ^[\B,+)ns — \B,—)ns] while in the R-R sector, the GSO projected one is 
\B)r = I [\B,+)ji + \B,—)ji]. Here the two boundary states \B,ri) with t] = ± corre- 
spond to two possible implementations for the boundary conditions in each sector. The 
boundary state \B,ri) is the product of a matter part and a ghost part as \B,1]) = 
^\B,^^t.,v)\Bg,r]) with \B^^t.,v) = \Bx)\B^,r]), \Bg,r]) = \Bgh)\B^gi„r]) and the nor- 
malization constant Cp = a/tt (27rv^) ^. The explicit forms of the various components 
of \B) are given as \Bx) = ^w[~J2'^=i n'^-n ' ^ ■ a_„]|-Bx)*-°\ and for the NS-NS sec- 
tor \B^,r])f^s = -i exp[i?7X;^=i/2 V'-m ' ^ ' ^-m]\0) and for the R-R sector \B^,r])^ = 
—ew[^V^m=i'^-m ■ 'S ■ '4'-m]\B,rj)^\ The matrix 5* and the zero-mode contributions 
\Bx)^^^ and \B,r])^^ encode all information about the external flux and the overlap equa- 
tions that the string coordinates have to satisfy, which in turn depend on the boundary 
conditions of the open strings ending on the D-brane. They each can be given explicitly 
asS=i[ir]-F)ir] + F)-%p,-6,,), = ^- det(r/ + F) 6'-Piq^-f) Ul=o \k'' = 0), 

and \B^,v)r = {CT^T^ ■ ■ ■Tp^^^^^U)ab\A)\B). In the above, we have denoted by 
the positions of the D-brane along the transverse directions, by C the charge conjugation 
matrix and by U the following matrix U = ; exp(— IF^/jF^T^); / ^J — det{ri + F) where the 
symbol ; ; means that one has to expand the exponential and then to anti-symmetrize 
the indices of the F-matrices. | A) |-B) stands for the spinor vacuum of the R-R sector. Note 
that the r] in the above means either sign ± or the fiat signature matrix (—1, +1, ■ ■ ■ , +1) 
on the world- volume and should not be confused from the content. Note also that the 
boundary state must be written in the (—1, —1) super-ghost picture in the NS-NS sector, 
and in the asymmetric (—1/2, —3/2) picture in the R-R sector in order to saturate the 
super-ghost number anomaly of the disk. 

The interaction under consideration can be calculated as the vacuum amplitude of the 
closed string tree-level cylinder diagram via the boundary states as just described. The 
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total amplitude can have contributions from both NS-NS sector and R-R sector and is 
given by r = Tns + Fr with Tns/r = ns/r(^p-2|^|5p))ns/r- Here D is the closed string 
propagator 
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with Lq and Lq the respective left and right moving total zero-mode Virasoro generators 
of matter fields, ghosts and superghosts. For example, Lq = Lq + Lq + Lq^ + L^^^ and 
their explicit expressions can be found, e.g., from [3]. The above amounts to calculating 
first the following amplitude in the respective sector 

r(V,r^) = {B,_,,v'\D\B,,r^) = f f^A^ A^^ A^^r^'^r^) A^^r^',r^) (2) 

4 47r J|^|<i |2;|^ 

where ti't] = ± and we have also replaced the {k = p — 2orp) in the boundary state 
given earlier by rifcCfc with Uk an integer to count the multiplicity of the branes in the 
bound state. In the above, the various matrix elements are 

A"^ = (<2lkP""|5f ), A^^v\v) = {b;'.\,v'\\z\<''\b;^\v)- (3) 

where we have used the boundary state constraint Lq\B) = Lq\B) to simplify the cal- 
culations. Note that the A'"^ and A^"^ are independent of fluxes and are always given 
as A'"^ = kr^n^=i (1 - kP")^ in both NS-NS and R-R sectors, and in the NS-NS 
sector, A^Q^{ri',r]) = \z\Y['^=ii'^ + v'v\^\'^'^~^) ^ while in the R-R sector, A'^{ri\ri) = 

However in what follows, we will adopt the prescription given in |6l [1] not to separate 
the contributions from matter fields ip'^ and superghosts in the R-R sector to avoid the 
complication due to the respective zero modes if this sector has non-zero contribution. 
To calculate A^ and A'^{rj',rj), we will follow the trick as described in |U [2] by making 
a respective unitary transformation of the oscillators in |i?j^^,?7') such that the Sp-2- 
matrix there completely disappears while \Bp^^,ri) ends up with a new S = SpSp_2 with 
Sp the original S-matrix in this boundary state and T denoting the transpose. This new 
S-matrix shares the same property as the original Sk satisfying {S^)^^{Sk)p'^ = ^m'^ with 
k = p — 2oTp but its determinant is always unity and therefore can always be diagonalized 
to gives its eigenvalues. With this trick, the evaluation of A^^"^ is no more complicated 
than the case without the presence of fluxes. 

If we take {F')^5 = -iF')sj = -fi with 7 < 5 and = = -/a with 
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a < /3, the Class I matrix elements for matter fields are 

oo 



-LJL (1 _ A|z|2«)(l - A-1|Z|2")(1 + |z|2n)2(l _ |^|2„)6 

(4) 

for both NS-NS and R-R sectors, 

oo 
n=l 

for the NS-NS sector, and A'^^r]',!]) = for the R-R sector. Note that Fr = 0, so the 
total amplitude is just 

_ _ 2np_2 Up Vp_i Cp sin iiu 
~ (Q 2 







\it) 






it) 



dte-2^tt-^ ,1 ■ (6) 



where we have taken \z\ = e~^'^ and A = e^*'^'^. In obtaining the above compact expression, 
we have first expressed the integrand in terms of various 6'-functions and the Dedekind 
?7-function, then made use of the fundamental Jacobian identity 2 9l{^^^\it) Of{^^^\it) = 
6'3(z/|zt) 92,{j\it) 6'|(0|it) — 6'4(z/|zt) 6'4(||ii) 9l{0\it), which is a special form of (iv) given on 
page 468 in [7]. The constant Cp and the suno of A + A^^ can be summarized for cases 
considered in this class in Table 1. 

The Class II matrix elements for matter fields are 

n=l ^ I I / \ I I y J = l J I I ■> \ 'J \ \ J 

(7) 

for both NS-NS and R-R sectors, 

oo 2 

?i=i j=\ 

(8) 

for the NS-NS sector, and again v4^(?7', r]) = for the R-R sector. Once again Fr = and 
the total amplitude in this Class is 

4np_2npyp_itan7ri/itan7rz/2 /"°° v',_'i^ 

Tii = Fns = — — —7^1 / dte 2 

Sn^a')^ Jo 











\it) 


r]^{it)di{ui\U)di{v2\vt)di{\\ 


it) 



^- — - — ' ' z...' ':y n : — - — (9) 



^We need only this sum to determine v via cosTTi^ in terms of fiux/fLuxes given in the table. When 
the flux/fluxes are electric or electrically dominant, the v is imaginary and cosivv in the table represents 
actually coshTri^o since cosnv = coshTrj/Q when v ~ ii/o- This remains also true in Table 2 and 3. 
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Table 1: The cases in Class I 





(7) 


iiiQex rveiatioii 




2 


COS TTZ/ 


(0, a) 


(0,c) 


a = c e NN 




(l+/i")(l+/|)-4/l/2 

(i-ft){i-f.i) 


1-/1/2 

Cf 


a ) 




a, c fc iNiN , a ^ c 






1 

Cf 


(U, a) 


(U, c) 


a G UiN, c G IN IN 




i+f!-fl+f!f! 


[l-/|{l-/i')]^ 
Cf 


(0, a) 


(c, (i) 


a,c,d e NN, 

(1 — C Ul Li 




^-fi+fi+fifi 


1 


(0, a) 


(c, d) 


a G DN, c, G NN 


v/(i + /i)(i-/l) 




1 

Vi+/? 


(a, b) 


(0,c) 


a,b,ce NN, 
c = a or 6 






1 
i 

c^ 


(a, b) 


(0,c) 


c = a G NN, 6 G DN 






[l+/2{l-/l)]^ 

Cf 


(a, b) 


(0,c) 


c, a G NN, 6 G DN, 
c 7^ a 






1 

Vi-/? 


(a, b) 


(c, d) 


a, b,c,d e NN, 
a = c, 6 = c? 




(l-/i"){l-/|)+4/i/2 


I1+/1/2I 

Cf 


(a, b) 


(c, (i) 


a, b,c,d e NN, 
a = c, 6 7^ (i, or a = (i 






1 

Cf 


(a, b) 


(c, (i) 


a,c,de NN, 6 G DN, 
a = c or (i 


VI + /?)(! + /I) 




[l+/|{l+/i')]* 
CF 


(a, b) 


(c, (i) 


a,c,de NN, 6 G DN, 
a 7^ c, 0? 


VI + /?)(! + /I) 


1+/? 


1 



where we have taken |z| = e and \j = e^*'^^^ with j = 1, 2. Similarly, we first express 
the integrand via various ^-functions and the Dedekind //-function, then use another funda- 
mental Jacobian identity 2 6, ( i^izi|ziZ^ \zt)e,{ il^i|±iZ^ \zt)ei{ ^l±^|ziZ^ | ^t) ( ^l±|tlZ^ | ,t) = 
03{ui\it)d3{u2\it)es{l/2\it)es{0\it) - e^{ui\it) ei{u2\it) e4{l/2\it) e^{0\it), which is also a 
special form of (iv) given on page 468 in [?]. The constant Cp and the sum of \j + 
for the cases considered in this class are listed in Table 2. 
The Class III matrix elements for matter fields are 

00 ^ 2 

= (27r2a't)"^ TT — — TT — — ^— - (10) 

n=l 1=1 ^ J I I / \ J I I ' 
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Table 2: The cases in Class II 





(7,5) 


Index relation 


Cf 


2 


A2+A2"' 
2 


COSTTZ/i 


COS 7ri^2 


(a, 5) 


(0,c) 


a,b,ce NN, 
c ^ a,b 








1 


1 










(a,0) 


(c, d) 


a,c,de NN, 
a c,d 


v/(i + /f)(i-/l) 






1 


1 


i+ft 








(a, 6) 


(c, d) 


a, b,c,d e NN, 
a,b ^ c,d 








1 


1 








(1+/!)^ 



for both NS-NS and R-R sectors. 



^)(l+r/Wkr"-') (11) 



n=l 



for the NS-NS sector, and 

4(v,^)4"(r?',r/) = -(v^)«kp/^A',,+ n(i + 



I'")' 11(1 + A,|2p")(l + AJ^ k|'")(12) 

n=l j=l 

for the R-R sector. Note that now the R-R sector has non-zero contributfon and we don't 
separate the contributions from the matter field xl)^ and the superghosts as mentioned 
earlier. The total amplitude is now 



III — Tns + Tr, 



2?T,p_2 rip Vp-i tan ttui 



£-1 



2^oj{^\tt)ef{!^\tt)_ 



r)%it)ei{iyi\tt)ei{u2\tty ' 



where again \z\ = e and Aj = e J with j = 1,2. Once again in obtaining the above 
compact expression, we have expressed the integrand in terms of various 6'-functions and 



the Dedekind //-function, then used yet another fundamental Jacobian identity 2 Of 



2{ui~U2 



it) 



9l{^\it) = Osiuilit) 93{u2\it) 9l{0\it)-e^{u,\it) 94{i^2\it) 9l{0\it)-92{ui\it) 92{u2\it) 9l{0\it) 
where the first two terms come from the NS-NS sector and the last term comes from the 
R-R sector. This identity is also a special form of (iv) given on page 468 in [7j. The 
constants Cf and the sum of \j + for cases considered in this class are listed in Table 
3 with Df = — /2/CF = cosvri/i cos7rz/2. 

We now come to discuss the nature and range of u's for cases in each class which will 
depend crucially on the nature of fiuxes (electric or magnetic) involved as discussed in 
[HIS]. Note that for an electric fiux /, < |/| < 1 with the critical field |/| = 1 while for 



7 



Table 3: The cases in Class III 





(7,5) 


Index Relation 




2 


A2+A2 ' 
2 


COS vri^i 


COS7rZ/2 


(a, 5) 


(0,c) 


c e NN, 
a,6 e DN 


v/(i-/D(i + /l) 






1 


/2 










{a,b) 


(c, d) 


c, e NN, 
a,6 G DN 




1-/? 




1 













a magnetic flux /, < |/| < 00. In Class I, when both fluxes are electric, u is imaginary, 
i.e., u = ivQ and cosvri/ = coshvrz/o with < z/q < 00 (see footnote 6 for detail). When the 
two are both magnetic, = z/q is real with Q < < 1/2. When one flux is electric and the 
other magnetic, we have the following cases: 1) (-F)oa and {F')cd with a G DN, c, c? G NN, 
then u = uo is real with < uq < 1/2; 2) {F)ab and (-F')oc with c, a G NN, b G ND, 
then z/ = iz/Q (also costtz/ = cosh7rz/o) is imaginary with < z/q < C)o; 3) (-F)oa and 
{F')cd with a, c, (i G NN, a = cord (or {F)ab and (-F')oc with a,b,c G NN, c = a or 6), 
cos vrz/ = 1/ a/(1 + /i)(l — /I) (or = 1/ a/(1 — /i )(1 + /I)) where z/ can be non- vanishing 
real, imaginary, or zero, depending on a/ (1 — /i )(1 + /!)( oi' + ~ /2^) ) > < 
lor =1, respectively, for non-vanishing fluxeCl- For Class II, the nature of Uj (j = 1,2) 
is directly related to the corresponding flux and uj = iujQ is imaginary with < ujq < 00 
if the corresponding flux is electric and uj = UjQ is real with < z/^o < 1/2 if the flux is 
magnetic. For Class III, while i>i remains the same nature as the uj in Class II, 1^2 = 1^20 is 
however always real with now < z/20 < 1 for which < z/20 < 1/2 corresponds to /2 < 0, 
z/20 = 1/2 to /2 = and 1/2 < z/20 < 1 to /2 > 0. 

Let us flrst consider the large-separation limit of the above amplitudes for 2 < p < 6. 
This amounts to taking the large t-limit for the 6'1-function and the Dedekind ?7-function 
in each integrand, i.e., ^i(z/|2t) — 2 sin vrz/, ri{it) e~^* (noting now \z\ = e~'^* 
0). We then have Fj Ci/Y'^~'p where a simple integration has been performed and 
Ci = npnp_2 CpCp.2 Vp-iCpiX + + 2)/[4(7 - p)n8-p] with (7 - p)fi8~p = 47r7r(^-P)/V 
r((7 — p)/2) and flq the volume of unit g-sphere. Similarly, we have Fn —>■ Cu/Y'^^^ with 
Cii = npnp_2CpCp-2 ViCf(Ai + A^^ + A2 + A^^)/[4(7 - p)fi8-p], and Fm ^ Cui/Y'^-p 
with Cm = npnp_2 CpCp_2 Vp-iCp (Ai + Af ^ + A2 + A^^ + 4 - 8Df)/[4{7 - p)Vls-p]- Note 
that the parameters A, or Xj{j = 1, 2), Cp^andDp) in each relevant class are given in the 
respective table and Ck = y/TT{2TT\fa'Y~^ with k = p,p — 2. 

Before proceeding, we pause to discuss which amplitude can vanish when either flux is 

^Here when ly is real, we call it magnetically dominant otherwise electrically dominant. 
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non-critical and non-vanishing. Note that the vanishing large-separation amplitude also 
implies the vanishing of the corresponding amplitude at a general separation. This can 
possibly occur only for one case in each class and only when both fluxes are magnetic. 
Concretely, the amplitude vanishes in Class I for the case of a, b,c,d G NN, a,b = c,d 
(see Table 1) when /1/2 = —1 (corresponding to u = 1/2), in Class II for the case of 
a, b,c,d E NN, a,b ^ c,d (see Table 2) when /1/2 = ±1 (corresponding to ui + 1^2 = 1/2), 
and in Class III for the case of a, 6 G DN, c,d E NN (see Table 3) when /1/2 = ±1 
and /2 < (corresponding to ui = z/2). The vanishing of amplitude also implies the 
preservation of certain number of supersymmetries for the underlying system which can 
be similarly analyzed following the steps given in the appendix of [2]. Here we simply 
state the results: the case in Class I or III preserves 1/4 of the spacetime supersymmetries 
while in Class II it preserves only 1/8 of the supersymmetries. 

Apart from the above three special cases and one case associated with the special 
case in Class II, all the other large-separation amplitudes are positive, therefore giving 
attractive interactions. This particular case corresponds to the one given in Table 2 in 
Class II when both fluxes are magnetic with their respective spatial indices a, b,c,d G 
NN; a,b c,d and > 1 (corresponding to 1/2 < i/i + z/2 < 1), and gives a negative 
amplitude, hence a repulsive interaction. For the magnetic or magnetically dominating 
(in the sense mentioned earlier) cases, the nature of interaction will keep hold even at a 
general separation. However, the nature of force will become indefinite at small separation 
when the effects of fluxes are electric or electrically dominant. The basic feature about 
the nature of interaction on the brane-separation remains similar to our earlier discussion 
for systems with p = p' considered in [U [2]. 

We now move to discuss the analytical structure of amplitudes at small separation 
Y for which the open string description is appropriate. This can be achieved via the 
Jacobian transformation of the integration variable t t' = 1/t, converting the tree- level 
closed string cylinder diagram to the open string one-loop annulus diagram. In terms of 
this annulus variable t', noting 




(14) 



the amplitude in each class can be explicitly re-expressed, respectively, as 




(1 — e(^)^27n/t'|_2|2n^ _ g(-)J7rt' | ^ 1 2n j 



) 



2 



(15) 
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[cos {—iTx{ui — y2)t') — cosh ^] [cos {—m{ui + i'2)t') — cosh ^] 



X 



nr 



sin(— ivrz/it') sm{—iTiV2't') sinh(7rt'/2) 

2 



n=l V 



fc=l 



3(-)'=7rt' U|2n 



1 - 2| 




cosh[7r(i/i + (-)V2 


+ </)*'! + 




4n 


1 — g(-)'=27ri/j«' 




2n 



|2n'\2 



(16) 



2?T,p?T,p_2lp_i tanvrz/i , , [cos(— i7rz/it0 — cos(— iTTZ/^tQ]' 



III ~ ,^ n 



(it e 2 



vr^a')^ 7o sin(— zvrz/it') sin(— ■i7rz/2t') 

2 



_ g7r(!yi+(-)Ji/2)t'|^|2nj _ g-7r(;/i+(-)Ji/2)t'|^p 

n n _ l-y|2n^4 n (1 _ g27ri^ji'|2|2n-) (^]_ _ g-27ri^ji' | ^ 1 2n-) 



oo 

X 

n=l I"'! y j=l 



with now \z\ = e~^^' . When v = in Class I with < uq < 1/2 or z/^ = UjQ with 
< Ujo < 1/2 (j = 1,2) in Class II or with < z/io < 1/2 and < z/20 < 1 in 
Class III, the underlying amplitude remains real and will diverge when the separation 
— u)a' in Class I, or F < 7rA/2(l/2 — Ui — v^)^' when < z^i + z/2 < 1/2 in 
Class II, or y < tt a/2 | z/i — z/2 1 a' in Class III when V2i i-c, with each on the order of 
string scale. Along with a similar discussion given in lU El [HI [9] , this divergence indicates 
the onset of tachyonic instability in each respective case, giving rise to the relaxation of the 
underlying system to form the final stable bound state. When 1/2 < z/i + z/2 < 1 in Class 
II, the force as mentioned earlier is repulsive and becomes larger when the separation Y 
becomes smaller and for this reason the integrand has no exponential blow-up singularity 
to show up even at t' cxd, i.e., no onset of tachyonic singularity, for any F > 0. Note 
that if we express the amplitude ffTTj) in Class III above in terms of p' = p — 2, i.e., the 
spatial NN-directions, its structure looks similar to the one given in |2j for p = p' with 
the respective two fluxes not sharing any common index. So many of the underlying 
properties such as the onset of various instabilities remain the same as those given in [2] , 
therefore referred there for detail. For this reason, we discuss the remaining new features 
only below for this Class. 

We move to discuss the more rich structure and the associated physics when v = ivq 
with < z/q < cxD in Class I or z^i = iviQ with < z/10 < cxd and z/2 = V20 with z/20 real in 
Class I]§| or III . In Class I, this corresponds to the presence of at least one electric flux 



The case with vi real and v-i imaginary can be similarly discussed in this class. 
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(or being electrically dominant) along a NN-direction. Now the integrand has an infinite 
number of simple poles occurring on the positive real axis at t' = k/uQ with k = 1,2, ■ ■ ■ 
and for this, as discussed in [TOl Ull |12], [131 El lEl HI E] , the amplitude has an imaginary 
part which is sum of the residues at these simple poles and gives rise to the rate of pair 
production of open strings. This rate per unit {p — l)-worldvolume is 



2Imri 4npnp_2Cir sinh TTz/Q ^k+l f^o 



Vi z/o(87rV)^ ' ^kJ " sinhl^ 



p-i 

2 



2'KUr\Ct' 



cosh 1^ 



oo 

X 



n 



1 - 2(-)''e "0 cosh|^ + e "o 



_2nfcir \ 6 

n=l ( 1 — e "^0 



2nkn . Ankn \ 

1 - 2e~ -^0 cosh ^ + e~ -^0 j 



This rate shares the common features as found in similar cases studied in |2j when p = p' 
with the two fiuxes sharing at least one common index. Namely, it is suppressed by the 
separation Y but enhanced by the value of z/q, which can be determined by fiux/fiuxes via 
coshTTz/Q = cosTTz/ as given Table 1. Each term in the sum is suppressed by the integer 
k but diverges as the electric field reaches its critical value, i.e., oo, signaling the 

onset of a singularity [H] . However, the present rate differs in many aspects: the number 
of terms in the sum doubles and the contribution to the rate is positive for odd k and 
negative for even k. In particular, there is an enhanced factor [cosh ^ — (— )^]^/ sinh ^ 
which becomes important for small z/q. This can be examined easily by looking at the 
leading order approximation, i.e., the k = 1 term in the sum as 

(2W)(P'+^)/2i^i ^ 27rnpnp^2CF fl^V"'^^^^ g"^^^, (19) 

V47r/ 

where Cp is given in Table 1 and the small z/q can be explicitly determined, to leading 
order, in terms of the fiuxes present. Note that small uq does need all fiuxes along NN 
directions, electric or magnetic, to be small. Let us consider the first case in Table 1 as 
an illustration for which Cp ~ 1. Now coshz/Q = cosz/ = (1 — /i/2)/a/0^--/F)0^^^^^ 
which gives, to leading order, z/q ~ |/i — /2|/7r. Since p > 3, the rate is largest for p = 3 
for given Cp and small z/q (for fixed Up and np_2) and can be significant at a separation 
Y = ■n^/a' + 0"*", i.e. on the order of string scale, where we don't have yet the onset of 
tachyonic instability which occurs for Y < -K^Ja' from the real part of the amplitude. 
This is in spirit similar to the enhanced rate discussed in [2] , for which p = p' with p = 
p' = 3 giving the largest rate, but for a completely different case where a reasonably large 
magnetic flux not sharing any common index with the weak electric flux must be present. 
The novel feature here is that the p' {= p — 2) branes play effectively as such a magnetic 
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flux and this is rational for the enhancement even in the absence of a magnetic flux. As 
discussed above, for small z/q, only the magnetic flux (electric flux) with one index along a 
DN direction can further enhance (reduce) the rate through Cp ~ a/1 + (~ a/1 — /^) 
with / the magnetic (electric) flux. Note that the magnetic flux |/| is measured in string 
units and for a realistic value, |/| should be smaller than unity, therefore giving Ci? ~ 1. 
In other words, the enhancement due to a magnetic flux in general is small and so we 
can ignore this for Class I from now on. Let us make some numerical estimation of this 
rate for small vq and this may serve for sensing its significance. For this purpose, we take 
Up = np_2 = 5, z/q = 0.02 and Cp ~ 1- We also take the brane separation as given above 
such that the exponential in the rate can be approximated to one. So the rate in string 
units is (27ra')^P'+i)/2>v^ = 27mp_2np(z/o/47r)(P-i)/2 ^ 0.25,0.02 for p = 3,4, respectively. 

The largest rate occurs indeed at p = 3, the rate for p = 4 is one order of magnitude 
smaller and the larger the p the smaller the rate. This estimation indicates that the rate 
for p = 3 can indeed be significant for small separation, for reasonably chosen Up and 
np_2, and even for small fluxes, therefore more realistic than the case mentioned above 
in [2] . The small-separation also implies that the significantly produced open string pairs 
are almost confined on the branes along the electric flux line. This further implies that 
the radiations due to the annihilation of the open string pairs in a short time should be 
mostly along the brane directions. If string theories are relevant, given the large rate 
for p = 3, we expect that the early Universe or even macroscopic objects in the sky at 
present can give rise to such open string pair production, therefore large radiations, which 
may have potential observational consequence. This may further imply why our world 
has three large spatial dimensions since the observational consequence if any can only be 
significant for p = 3. Pursuing any of these possibilities is beyond the scope of present 
work and we expect to examine carefully some of these possibilities in the future. 

We have also learned from the above that we need at least one electric flux being along 
the NN-direction to give rise to the pair production. This is clearly indicated in the case 
of (a, P) = (0, a), (7, 6) = {c,d),a & DN, c,dE NN given in Table 1 for which the electric 
flux is along a spatial DN-direction and as such = z/q is real (therefore no pair production 
of open strings), depending only on the magnetic flux. The triviality of the electric flux 
in this case can be understood via a T-duality along the electric flux direction. The Dp 
branes then become Dp_i branes while the Dp/ become Dp'+i with the Dp-i moving with 
a velocity, determined by the original electric flux along the T-dual direction, relative 
to the Dp/+i in the T-dual picture. Since the Dp>+i has a Lorentz symmetry along the 
T-dual direction, so such a relative motion can be removed by a Lorentz boost along this 
direction. If we now T-dual back, we end up with a system without the presence of an 
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electric flux but with an additional overall factor in the amplitude due to the boost. 

For Class II or III, there is only one case relevant (see footnote 8 for Class II) for which 
ui = iuiQ is imaginary (0 < uiq < oo) while 1^2 = 1^20 is real with < z^2o < 1/2 in Class II 
and with < z/20 < 1 in Class III. This corresponds to {a,/3) = {a,b), (7,5) = (0, c) with 
c G NN, i.e., the electric flux along a NN-direction and in Class II, c 7^ a, 6 G NN (see 
Table 2) while a, 6 G DN in Class III (see Table 3). In either case, the integrand has also 
an infinite number of simple poles occurring on the positive real axis at t' = k/uio with 
k = 1,2, ■ ■ ■ . By the same token as in Class I above, the pair production rate for the case 
in Class II {p > 5) is 

2 



xe 



Anpnp-2 tanh ttviq tan 7rz/2o 
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2nfc7r , 
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^^20 H — 



+ e 



"10 



-ilZL(2n+(-)J) 
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This case looks in almost every aspect, for examples, the onset of various instabilities for 
both real and imaginary parts of the amplitude, even closer to the one in |i2j with the 
two fluxes not sharing any common index, and for this reason not repeating here, except 
for one subtle point regarding the enhancement factor for the pair production rate given 
above. Let us specify this for small z/10 (for fixed non- vanishing V20) for which the rate 
can be approximated by the leading k = 1 term as 



(27ra')^^'+'^/'Wii 



npnp_2 



7r(l-2i/2o) 

■27v,^ioa' g 2^10 tan7rz/20- 



21) 



If we focus on the NN-directions, i.e., p' = p—2 > 3, the dimensionless rate {2TTa')^^'^^'^^'^Wu 
differs from the first equality given in Eq.(87) in [2] only in the enhancement factor 

7r(l-4i^20) 

and the ratio of the two is e ^"10 > 1 for < 1^20 < 1/4 and is less than unity for 
1/4 < 1/20 < 1/2- For ^20 ^10, i-e., vanishing magnetic flux, the rate looks identical to 
the one given in Eq. ffTOl) above in Class I but with now p > 5 and Cp set to unity, with 
again the Dp/ as an effective magnetic flux mentioned earlier. 
For the case in Class III, 
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which again shares many common features mentioned above in Class II as the one given 
in [2]. For small uiq, the rate can be approximated by the leading k = 1 term as 

with p = p' + 2 > 3. This dimensionless rate is largest for p = 3 (or p' = 1) with an 
enhancement factor 27re'^'^2°/'^"' vs e'^'^^"/'^^" tan7ri/2o given in [2j. Apart from a difference 
of a factor of tan7rz/2o, the nature and range of 1^20 here are completely different^]. In 
the present case, < z/20 < 1 with z/20 = 1/2 corresponding to vanishing magnetic flux, 
^20 when the magnetic flux /2 — > —00 and 1^20 1 when /2 00. So once again 
even without the presence of a magnetic flux, i.e., z/20 = 1/2, we still have an exponential 
enhancement of the rate and the rate in each Class looks identical in the absence of a 
magnetic flux. The various implications of the rate in class II or III can be similarly 
discussed as in Class I above and will not be repeated, except for one point to which we 
turn next. The largest rate in Class II occurs for p' = 3 and p = 5. So if there is indeed 
an observational consequence, this may indicate the existence of large extra dimensions 
since p = 5 other than the usual p = 3 in this case. 
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